the gaseous products emitted in the self-heating process constitute one of the parameters suggested for detecting coal spontaneous combustion in underground mining. the objective of the study is to investigate the changes of ethylene and propylene content in a gaseous mixture which flowed through a fixed bed column filled with bituminous coal of different grain size. The mixtures of fire gases were obtained from laboratory simulated heating of coal at the temperatures of 373 K, 423 K, 473 K and 523 K. Hydrocarbons of various initial concentrations were introduced to the adsorption column at the constant flow rate of 2•10 −7 m 3 /s. The experimental findings show that decreasing the adsorbent granulation and gases concentration causes an extended breakthrough and coal bed saturation times. In all the tests, the saturation time was gained faster for ethylene than for propylene. Thus, the content of tested hydrocarbons, which are some of the indicators for assessing the degree of the coal selfheating process, in mine air may change in time as a result of the adsorption phenomenon. It occurs particularly at the early stage of the self-heating process and in places where coal dust has been left.
mine atmosphere due to dilution caused by ventilation air or adsorption processes, which can cause an incorrect assessment of the fire hazard.
The tendency of gaseous components of mine air to amass on the surface of coal has been previously investigated by means of determining maximum adsorption capacity of coal in relation to single fire gases using the static adsorption technique [14] [15] [16] [17] . It has been reported that the contact of gaseous products of the thermal oxidation reaction of coal with an adsorbent such as coal can effectively cause their adsorption in various amounts. The findings presented in research literature show that ethylene, propylene, acetylene and carbon dioxide are sorbed in the largest amount, while the sorption abilities of carbon monoxide and hydrogen are poor 18, 19 . In the static method applied in these measurements, the adsorption isotherms described the adsorption effectiveness of the single component from the gas phase and the maximum amounts of gas adsorbed on the degassed coal samples.
Under real conditions, the gases emitted from the sources of coal self-heating constitute a gaseous mixture moving continuously through the coal bed. The determination of the changes of gas concentrations at the time and along the height of the bed is the subject of research on adsorption dynamics 20 . In the studies of dynamic adsorption processes, the adsorbent stream is introduced into a fixed adsorbent layer, usually devoid of the initially adsorbed substance. At the inlet of the sorption column, the bed starts to saturate with the adsorbant to a value which is slightly lower than equilibrium adsorption. With the passage of time, as a result of the continuous flow, the adsorption active layer moves upward the column. The concentration of the gas leaving the column starts to increase and un-adsorbed gas molecules begin to appear in the gaseous mixture at the outlet. The points where the gas at the outlet of the sorption column gains the value of 5 and 95% of the initial concentration are called a breakthrough time (t b ) and saturation time (t s ), respectively 21 . The saturation time is the end point of the adsorption where the bed is considered as being exhausted (i.e. more gas cannot be adsorbed).
A few experiments were executed by using the fixed-bed column method. These studies discussed mainly the impact of physical and chemical properties of coals and gas molecules on the amount of sorbed gases from a multi-component mixture [22] [23] [24] [25] . In the previous research 25 , only the retention time of ethylene, propylene, ethane and propane on various coal samples at constant gas concentrations and the C k /C o ratio equal to 0.6 was determined. The authors found that propylene gained the required value of 0.6 at the most extended time, independently of the coal used as adsorbent. In addition, the influence of coal grain size in a fixed-bed column on hydrocarbon adsorption was dealt with only in terms of sorption capacity 26 .
The objective of the present study is to investigate the dynamic adsorption process of fire gases emitted during the simulation of thermal oxidation of coal. Although carbon monoxide, carbon dioxide and hydrogen as well as unsaturated/saturated hydrocarbons are commonly applied for calculating the values of fire indices and for the assessment of coal self-ignition hazard in Australia, China, U.S. or Poland 3 , our research has been limited to measuring only the changes of propylene and ethylene concentration in the mixture. The influence of the adsorption process on the concentration of these gases in mine air is much stronger than on the concentration of carbon monoxide, hydrogen and saturated hydrocarbons 16, 27 . The experiments carried out to determine the sorption capacity of coal in relation to all fire gases indicated that a double bond between carbon atoms in ethylene and propylene molecule may contribute to the high reactivity of these gases. The selection of these unsaturated hydrocarbons was also determined by technical limitations.
The novelty of this study consists in analyzing the influence of two various parameters such as the initial concentration of the gas in the stream moving through the sorption column and the grain size of coal filling the column on the dynamic adsorption of ethylene and propylene coming from a multi-component mixture. Coal grain size is one of the significant factors influencing the amount of sorbed gases. During mining activities, the natural balance of the rock mass is disturbed; this implies the changes of the original distribution of stresses, which causes the fracture of rocks and the formation of new fissures where the fragmented coal can be accumulated. The finer grains created during the crushing of coal cause that the area of contact with the gas from the flowing stream will be larger, and the number of active centers on the internal coal surface and the amount of sorbed gas will increase. However, the impact of coal grain size on the adsorption of a single gas can be different than for gases from the mixture because of competitive adsorption.
The findings of this study could be a scientific reference for future research directions in the field of sorption processes of gases, in particular ethylene and propylene in the mixture.
experimental Section
Materials. Bituminous coal coming from an active coal mine located in the area of the Upper Silesian Coal Basin (USCB), Poland was used as an adsorbent in the sorption column. The proximate, ultimate and petrographic analyses of the tested coal are presented in Tables 1 and 2. Proximate parameters such as ash, moisture and volatile matter were determined using the LECO TGA 701 or MAC 500 ThermoGravimetric Analyzer, whereas fixed carbon was calculated as the difference of 100%moisture -ash -volatile matter. The ultimate analysis involved determining the elemental composition of the tested coal i.e. carbon, hydrogen, nitrogen, sulfur and oxygen content. The oxygen content was calculated as the difference of 100% -moisture -ash -carbon -hydrogen, while the remaining parameters were measured with the application of LECO TruSpecCHN and TruSpecS analyzers.
The characteristic of bituminous coal pore structure was performed with the application of Autosorb IQ -Gas Sorption Analyzer (Quantachrome Instruments, Boynton Beach, FL, USA) 28, 29 . The nitrogen adsorption isotherms at 77 K (the temperature of liquid nitrogen) were applied in order to determine the porous structure parameters. The specific surface area and pore size distribution were calculated according to the Brunauer, Emmett and Teller (BET) adsorption isotherm equation and the model of Density Functional Theory (DFT), respectively 30, 31 .
Bituminous coal is characterized by a relatively low specific surface area of 3.88 m2/g, an average pore diameter of 7.71 nm and a total pore volume of 0.007 cm3/g. The analysis of pore size distribution data ( Fig. 1) for coal sieved to the particle size range of 0.50-0.70 mm showed a dominant share of mesopores (a unimodal peak between 2 and 5 nm) in the surface area and pore volume. The percentage of micropores surface area and pore volume of coal was only in the range of around 1% and 2.5%, respectively.
Propylene and ethylene coming from the gaseous mixture applied in the laboratory tests as adsorbants were produced as a result of the oxidation of coal in a specially designed apparatus to simulate coal spontaneous combustion under various temperature conditions. The experiment was performed using the method commonly applied for modeling the profile of gaseous products emitted during coal oxidation in the laboratory conditions according to an internal procedure of the Laboratory of Coal Spontaneous Combustion. The procedure has been developed based on many years of experience in the field of fire hazard assessment and national regulation 32 . A sample of coal with particle size below 2 mm and weight of 0.4 kg was placed on a steel mesh located 1 cm above A similar relationship between the gases can be found in the work 33 . In the measurement series with a different particle size of coal in a fixed-bed ( Fig. 2(b) ), the mean value of ethylene and propylene concentration in the gas stream was equal to 10.24 (±0.72) ppm and 4.95 (±0.63) ppm, respectively. As we can notice in Fig. 2 (a), the hydrocarbons concentration increases with the temperature of coal heating in the reactor. In the dynamic adsorption tests, the concentration of ethylene and propylene in the mixtures increased from 9.19 ppm to 73.18 ppm and from 4.12 ppm to 37.90 ppm, respectively, with the rise of coal temperature from 373 K to 523 K.
experimental setup and procedure. The dynamic adsorption studies of ethylene and propylene in a fixed bed column of bituminous coal were carried out with the application of a laboratory scale installation of the Laboratory of Coal Spontaneous Combustion at the Department of Mining Aerology. The experimental test was performed based on the combination of two methods, i.e. a method that is widely adopted in our laboratory to study coal oxidation and coal spontaneous combustion products, and the fixed-bed adsorption method by means of which the change of gas concentration versus time is analyzed 8, [34] [35] [36] [37] . The test stand presented in Fig. 3 consists of the following elements: a supply system of an oxidation agent with flow controller (1), a fixed bed reactor with a volume of 0.7 L heated with a resistance furnace (2), a flow meter (3), a sorption column with a cross section of 4.9 cm2 (4) and a gas chromatograph (5) .
The dynamic sorption experiment consisted in a continuous upward flow of the oxidation reaction products of coal through a borosilicate glass column packed with a crushed coal sample. At the outlet of the sorption column, the gaseous samples were collected manually in a Tedlar bag at regular time intervals. The hydrocarbons concentrations were measured every 5 min (for the first three samples), every 15 min (for the next six samples) and every 30 min (for the last three samples) for the maximum time of 195 min. According to an internal procedure, the synthetic air is injected into the reactor filled with a crushed coal sample with the flow rate of 6•10 −7 m 3 /s. A low flow rate of air does not provide enough oxygen for the oxidation reaction while too high a rate causes the dissipation of heat, and, at the same time, it leads to the cooling of the system. This set flow rate of synthetic air determined the final flow rate of gaseous mixture at the outlet of the reactor. All sorption measurements were conducted at the set flow rate of hydrocarbons mixture of 2.2•10 −7 m 3 /s controlled by means of ALICAT Scientific MS-Series Mass Flow Meters. www.nature.com/scientificreports www.nature.com/scientificreports/ A gas chromatography technique was applied to determine the gas concentration at the outlet and the inlet of the sorption column. The chromatograph (model Hewlett-Packard-HP 6890 GC System, Agilent Technologies Inc.) consists of a Flame Ionization Detector (FID) and two independent output channels equipped with a chromatography packed column of Activated Alumina F1. The reason why the FID detector-type gas chromatograph was applied is the fact that it is very sensitive to most hydrocarbons 38 . The samples were injected into the chromatograph in the amount of 20 ml each. Pure helium was used as the carrier gas with a constant flow mode of 30 ml/ min. The column temperature was programmed to the range of 323-473 K. The total amount of hydrocarbons adsorbed by a gram of the adsorbent (q) was calculated according to the following Eq. (1) 39
where Q (ml/min) is a volumetric flow rate, C o (mg/l) is the initial gas concentration, C t , (mg/l) is a gas concentration at any given time t, m is the mass of coal in the column and t (min) denotes time.
To investigate the influence of gas concentrations on breakthrough and saturation times, a coal sample was heated to the following set process temperatures of 373 K, 423 K, 473 K and 523 K. The adsorption column was packed with 200 g of bituminous coal with the grain size range of 0.50-0.70 mm. In order to determine the impact of the degree of fragmentation on the gas adsorption process in coal structure, the sample packed in a fixed-bed column was ground and separated by means of sieves into four mesh sizes, 0.25-0.50 mm, 0.50-0.70 mm, 0.70-1.00 mm and 1.00-2.00 mm. In the measurement series with the application of different grain size of coal, a mixture with a similar share of hydrocarbons obtained as a result of the oxidation of coal at the temperature of 373 K was applied.
Results and Discussion
The influence of hydrocarbons concentration on their adsorption. Figures 4(a-d) and 5(a-d) illustrate the curves plot, respectively for the propylene and ethylene concentrations at the inlet and at the outlet (after moving through the sorption column) as well as their difference as a function of time.
In theory, the dynamic adsorption process, illustrated in Fig. 6 , consists of three stages 36, 40 . In the first stage (1), the adsorption zone is formed at the beginning of the column and the gas concentration in the outlet stream is close to zero. In the curve, this stage is shown as a straight line parallel or inclined at a slight angle in relation to the X axis. As time goes, the active adsorption zone starts to move towards the end of the column (2) . The ratio of the gas concentration at any given time and the initial concentration (C t /C o ) gradually increases from 0.05 to 0.95. In the third stage (3), the column is completely saturated and the adsorption process no longer occurs. The gas concentration in the outlet stream is equal or close to the initial concentration (C t ≈C o ). As can be noticed in Fig. 6 , the curve resembles the graph of a logistic function (a characteristic "S" shape) 41 . In the studies, the curves representing the changes of gas concentration at the outlet show an S-shape for lower initial concentrations, (Figs. 4(a,b) and 5(a,b)) and stage (1) is clearly seen, while for higher concentrations range ( Figs. 4(c,d) and 5(c,d)) these curves resemble the shape of a logarithmic function and stage (3) is clearly seen. The shape of the curves for higher concentration proves that the breakthrough point was reached much more rapidly (below 5 minutes); it is observed only in stage (2) and (3). The results display that the slope of the ethylene curves in relation to the X axis (stage (2)) is steeper than for propylene, indicating a shorter travel time of the gas. A similar trend was observed in a previous work 25 . As can be seen in Figs. 4(a-d) and 5(a-d) , the moment of achieving the adsorption equilibrium (stage (3)) is strongly influenced by the initial gas concentration and the www.nature.com/scientificreports www.nature.com/scientificreports/ type of the gas. It may be noted that saturation time (95% of the initial concentration) was obtained faster for ethylene than propylene and for higher values of the initial gas concentrations. Interestingly, after ethylene reached equilibrium, the sorption process for propylene was still observed; this implies that the equilibrium amount of adsorbed ethylene may constitute only a small part of the adsorption capacity of coal. Tables 3 and 4 present the tests results of the adsorption of ethylene and propylene on coal with the application of the fixed-bed technique. A breakthrough time (t b ), a middle time (t 0.5 ) and a saturation time (t s ) are the times when the gas concentration at the outlet of the sorption column equaled 5%, 50% and 95% of the initial concentration, respectively 36, 40, 42 . The results in Table 3 show that propylene did not reach the 95% of the initial concentration at the outlet of the sorption column in the established time range (0-195 min), except for the highest concentration, for which the saturation time (t s ) was 142 min. The values of the ratio of propylene concentration at the time of 195 min (C t = 195) and at the inlet of the sorption column (C o ) were 0.62 (for the initial concentration of 4.12 ppm), 0.69 Table 4 . Measurement results for the adsorption of ethylene in different process conditions.
(for the initial concentration of 10.15 ppm) and 0.78 (for the initial concentration of 17.03 ppm). In the case of ethylene, see Table 4 , the saturation time (t s ) of the adsorbent bed was reached for higher concentrations, while for the lowest concentration of 9.19 ppm the ratio of C 195 /C o equaled 0.83. On the basis of the above results, it can be also observed that with the increase of gases concentration in the mixture, the values of middle (t 0.5 ) times decrease. For propylene, the middle time changed from 145 min to 41 min, while for ethylene it decreased from 51 min to 7 min. At higher propylene concentrations (17.03 ppm and 37.90 ppm) and higher ethylene concentrations (50.75 ppm and 73.18 ppm), the breakthrough point of coal bed occurred at the time below 5 minutes. Therefore, it was not possible to demonstrate the accurate breakthrough time for the higher concentrations. The values of the ratio of propylene concentration at the time of 5 min (C t = 5) and at the inlet of the sorption column (C o ) were 0.12 (for the initial concentration of 17.03 ppm) and 0.18 (for the initial concentration of 37.90 ppm), while for ethylene the values were 0.23 (for the initial concentration of 50.75 ppm) and 0.35 (for the initial concentration of 73.18 ppm). Based on the above results, it can be also assumed that increasing the gas concentration makes that the breakthrough point will be reached more quickly. The higher concentration of hydrocarbons in the mixtures caused that a much larger number of active centers on the surface area is occupied, which led to much faster exhaustion of adsorption sites inside the coal structure and a quicker achievement of the breakthrough point. Increasing propylene and ethylene concentration in the mixtures affects the increase of loading rate of these gases and the driving force for mass transfer 43, 44 . The driving force is defined as the difference between the gas concentration in streamed gas and the gas concentration near the surface of the adsorbent 45 . Therefore, at the beginning of the process, the value of the driving force is equal to the initial gas concentration (C o ). Hence, it can be concluded that the higher gas concentration at the inlet of the sorption column, the faster the gas moves through the coal bed. It can be noticed from Tables 3 and 4 that the breakthrough time of the fixed-bed was 3-4 times shorter for ethylene than for propylene. The longer time in the case of propylene means slower transportation of propylene through coal due to the lower gas concentration in the mixture (Fig. 2(a) ). The results given in Fig. 2(a) demonstrate that the concentration of propylene was 2-3 times lower than ethylene. Moreover, the sorption process of the other gas components in the mixture with high concentration e.g. ethane, propane or carbon dioxide may also cause the swelling of the coal matrix and decrease the permeability of the transport channels for propylene [46] [47] [48] . The results of the tests displayed in Tables 3 and 4 indicate that with the increase of gas concentrations at the inlet of the sorption column, the amount of propylene adsorbed generally increases, while the amount of ethylene adsorbed changed irregularly. The presented research findings show that within the set time range, the sorption capacity of ethylene was lower than propylene. And the value of the difference increased with increasing the concentration of propylene. It can be assumed that the increasing propylene concentration in the mixture caused an increase in the driving force and a decrease in the number of active places available for ethylene adsorption because propylene has a better sorption ability as compared to ethylene. The differences between hydrocarbons properties were discussed in more detail in the works 22, 25, 33 . The higher reactivity of propylene can be connected with higher critical temperature and more stable secondary carbocation which is formed from propylene during the addition reaction 16, 49 .
Tests carried out with various gas concentrations led to the conclusion that at the initial stage of the self-heating of coal, when the concentration of hydrocarbons is low, the saturation of coal will run slowly resulting in an extended breakthrough time of coal bed, particularly for propylene. It implies that the gas emission profile obtained during the reference coal heating under laboratory conditions will be different from the one obtained under real conditions, which may affect the correctness of coal self-heating assessment and the gas content in mine air will be underestimated. Under laboratory conditions, the influence of the adsorption process is not taken into consideration. Gases emitted from the reactor as a source of coal self-heating are directly collected and submitted to the chromatographic analysis. Meanwhile, in underground mine conditions, the gaseous products migrate through the porous coal bed and are subject to adsorption in different amounts, particularly when the distance between the sampling point and the source of coal self-heating is long. This is due to the fact that as the distance increases, the number of active sites available for the adsorption of gases and gas contact time with the coal surface increase. Figures 7(a-d) and 8(a-d) reveal that the curves of propylene and ethylene are clearly shifted to the right and the steepness of the curves decreases with the decreasing grain size of the adsorbent due to the fact that the adsorption process is a surface phenomenon 50,51 . Decreasing the particle size enlarges the surface area and consequently the formation time of the adsorption zone increases. Additionally, during the fragmentation process, the number of accessible pores can increase as the closed pores connect.
Effect of grain size of coal on hydrocarbons adsorption.
The angle of the inclination of propylene curves representing the changes of gas concentration at the outlet is much smaller than that of ethylene. It can result from both the propylene lower concentration and its larger diameter. Therefore, it can be assumed that with the varied character of pore structure in coal, the flow of propylene may be impeded, particularly in narrow flow channels. It was found that for ethylene and the grain size of 1.00-2.00 mm, the equilibrium state was reached; see Fig. 7(d) , while in the entire time range propylene did not achieve the equilibrium state.
As indicated in Tables 3 and 4 , in the finer grain size range of 0.25-0.50 mm, the breakpoint of bed by ethylene and propylene was observed latest. Decreasing the particle size of coal prolonged the breakthrough time (t b ) as well as the middle time (t 0.5 ) but increased the amount of adsorbed hydrocarbons. For example, the change of the particle size range of coal from 0.25-0.50 mm to 0.50-0.70 mm and from 0.50-0.70 mm to 0.70-1.00 mm resulted in the reduction of breakthrough time for propylene by about 25 min and 5 min, respectively, while for particle size of 0.70-1.00 mm and 1.00-2.00 mm the breakpoint difference was shorter by 7 min. The delayed breakthrough and the slower saturation of the bed in the case of a finer grain size of coal are caused by the larger specific www.nature.com/scientificreports www.nature.com/scientificreports/ surface area in comparison with the coarse grains. It is commonly known that the reduction of particle size of coal leads to the increase of both the surface area, and, simultaneously of the number of active centers responsible for polar interactions of coal with gas molecules, which consequently increases the amount of adsorbed gases [51] [52] [53] . The adsorption zone of mass transfer is an area where the sorption process takes place. At the beginning of the process, the adsorption zone is formed in the first layer of the bed at the inlet of the column. As time goes, the gas fills up all the available sites and next the active zone starts to move through the bed. The breakthrough point occurs when the concentration of the gas leaving the column starts to increase as the un-adsorbed gas molecules www.nature.com/scientificreports www.nature.com/scientificreports/ begin to appear in the gaseous mixture at the outlet. Therefore, the higher sorption capacity of coal with finer particle size increases the formation time of the adsorption zone of mass transfer, and, consequently leads to slower retention of the gas from the column. Besides, the crushing process may facilitate the connection of the closed or isolated pores and enable the access to new active centers 50 . The results of this study show that the breakthrough time (t b ) of propylene decreased from 55 to 18 min as the grain size increased from 0.25 to 2.0 mm for a mean inlet propylene concentration of about 5 ppm. In the case of ethylene, the breakpoint decreased from 35 to 7 min as the grain size was increased from 0.25 to 2.0 mm for a mean inlet ethylene concentration of about 10 ppm. Therefore, www.nature.com/scientificreports www.nature.com/scientificreports/ the research findings indicate that the retention of ethylene is 2 to 4 times quicker than that of propylene. This phenomenon can be again assigned to a nearly twofold lower concentration of propylene in gaseous mixtures ( Fig. 2(b) ), and consequently a slower driving force.
The highest values of sorption capacity of coal were observed for ethylene and propylene at the 0.25-0.50 mm grain size, which was caused by a larger number of available adsorption sites. For the finest grain size, the sorption capacities of both gases were comparable. For propylene, the sorption capacity was 1.02•10 -4 mg/g at the gas concentration of 4.83 ppm, while the amount of ethylene taken up by the coal amounted to 1.05•10 −4 mg/g at the gas concentration of 10.46 ppm.
The research findings lead to the conclusion that the flow of hydrocarbons from the mixture emitted during the self-heating of coal may have caused the decrease in the concentration of propylene and ethylene at the sampling point underground, especially when the gas moves through the places where coal dust is accumulated.
conclusion
The experiments performed and presented in the study provide evidence that the continuous flow of propylene and ethylene from the mixture produced in the reactor causes the adsorption of both the gases on the surface area of coal. For the examined concentration range of propylene and ethylene, the sorption capacity of coal in relation to these gases was small, at a comparable level of 10 −4 -10 −5 mg/g. In this research, the highest adsorption capacity for propylene was 2.27•10 −4 mg/g, whereas for ethylene it was 1.05•10 −4 mg/g. Both the gas concentration and grain size of coal were found to be very influential variables. Based on the results, it can be concluded that at the initial stage of the low-temperature coal oxidation process (low concentrations of the gases), the decrease in propylene and ethylene concentration under real condition can be significant due to the long time of the coal bed saturation with these gases. Comparing the middle times, it was observed that an increase in the inlet concentration from 4.12 to 37.90 ppm (for propylene) and from 9.19 to 73.18 ppm (for ethylene) resulted in a considerable reduction of the residence time of gases in column by about 72% and 86%, respectively. The breakthrough times for propylene and ethylene were prolonged by about 67% and 80%, respectively, with the decrease of particle size of coal from 1.0-2.0 mm to 0.25-0.50 mm. The increase in the gas concentration with the increase of coal heating will increase the amount of adsorbed hydrocarbons while reducing its coal bed saturation time; in such a case, the effect of the sorption of hydrocarbons on the coal can be completely unnoticeable at the monitoring stations in coal mines. It was observed that coal showed different saturation times in respect to propylene and ethylene. Propylene characterized of about 2-4 fold slower breakthrough of coal bed and an extended saturation time compared to ethylene. At the highest gas concentrations, the time at which coal was no longer able to sorb more propylene was reached 92 min later than for ethylene. Thus, referring to the experimental results, it can be said that in coal mines, the change in ethylene concentration caused by its adsorption on coal surface can be unnoticeable as the breakthrough and saturation times for this gas are relatively shorter than for propylene.
The future extension of this research should be channeled towards the dynamic adsorption of hydrocarbons on coal at a different bed height and flow rate of gaseous mixture. It should also focus on how the other gases present in the mixture can affect the retention of ethylene and propylene in order to better recognize the behavior of the gases under real conditions.
